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Edited by Julian SchroederAbstract It has been previously shown that Cu(I) and the ethyl-
ene response antagonist, Ag(I), support ethylene binding to exo-
genously expressed ETR1 ethylene receptors. Both are Group 11
transition metals that also include gold. We compared the eﬀects
of gold ions with those of Cu(I) and Ag(I) on ethylene binding in
exogenously expressed ETR1 receptors and on ethylene growth
responses in etiolated Arabidopsis seedlings. We ﬁnd that gold
ions also support ethylene binding but, unlike Ag(I), do not block
ethylene action on plants. Instead, like Cu(I), gold ions aﬀect
seedlings independently of ethylene signaling.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Transition metals1. Introduction
The plant hormone ethylene aﬀects a number of processes in
higher plants such as seed germination, abscission, senescence,
fruit ripening, growth, and responses to stresses. In etiolated
seedlings, ethylene can cause a number of changes including
altered growth of the hypocotyl and root, increased radial
expansion of the hypocotyl, altered geotropism, increased
tightening of the apical hook, and increased growth of root
hairs [1].
Biochemical and mutational studies have identiﬁed many
components in the ethylene signaling pathway and led to an
increasingly reﬁned model for signal transduction [2,3].
According to this model, responses to ethylene are mediated
by a family of ﬁve receptors ETR1, ETR2, ERS1, ERS2 and
EIN4 in Arabidopsis thaliana. All ﬁve receptors in Arabidopsis
are predicted to include three N-terminal transmembrane sub-
domains that have experimentally been shown to contain the
ethylene binding site [4–6]. The ethylene binding domain is
connected to a kinase domain via a linker domain. Three ofAbbreviations: EIN, ethylene insensitive; ERS, ethylene response
sensor; ETR, ethylene response; RAN, responsive to agonist
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at the C-terminus.
It has been shown that Cu(I) ions are required for high-aﬃn-
ity ethylene binding in exogenously expressed ETR1 receptors
[5] supporting earlier speculations about the requirement for a
transition metal cofactor for ethylene binding [7,8]. Addition-
ally, genetic studies indicate that the RAN1 copper transporter
acts upstream of the receptors [9,10]. Together, these studies
support a model where copper ions are delivered to and re-
quired by the ethylene receptors. It is thought that ethylene
binding causes a change in the coordination chemistry of the
Cu(I) cofactor. This, in turn, results in a change in the binding
site that is transmitted through the receptor to down-stream
signaling elements. Interestingly, of 10 other transition metals
previously tested, only Ag(I) ions supported the binding of eth-
ylene to ETR1 [5]. This observation is of interest since Ag(I) is
a long recognized inhibitor of ethylene action in planta, sug-
gesting that Ag(I) can occupy the binding site and interact with
ethylene but does not permit stimulus-response coupling
through the receptor [5,11,12]. Both copper and silver are
Group 11 transition metals that also include gold. In this study
we compared the eﬀects of gold ions with those of copper and
silver ions on ethylene binding in exogenously expressed ETR1
receptors and on growth responses in etiolated Arabidopsis
seedlings to further our understanding of ethylene receptor
function.2. Materials and methods
All mutants used were in the Columbia ecotype of A. thaliana. The
ein2-1 and ein3-1 eil1-1mutants were from Joseph Ecker and the etr1-1
and etr1-4 mutants were from Elliott Meyerowitz. 14C2H4 was ob-
tained from American Radiolabeled Chemicals (St. Louis, MO).
2.1. Preparation of yeast membranes and ethylene binding assay
Cultures of Saccharomyces cerevisiae (strain LRB 520) expressing
full-length ETR1 protein were grown to mid-log phase at 30 C and
harvested as previously described [13]. The cells were then disrupted
and membranes isolated as previously described [5]. Membranes were
rapidly frozen in liquid nitrogen and stored at 80 C until used. The
indicated concentration of metal salt was added to the assay buﬀer just
prior to assaying ethylene binding. Saturable ethylene binding in iso-
lated yeast membranes expressing full-length ETR1 protein was deter-
mined using the methods of Sisler [14] as modiﬁed by others[5]. Data
presented in Fig. 1 represents saturable ethylene binding calculated
by subtracting the amount of 14C2H4 bound in the presence of excess
12C2H4 from the amount of
14C2H4 bound in the absence of non-radio-
active ethylene. As found in earlier studies [4–6,15], no saturable bind-
ing of ethylene was detected in yeast membranes not expressing ETR1
(data not shown).blished by Elsevier B.V. All rights reserved.
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Fig. 1. Eﬀects of Group 11 transition metals on saturable ethylene
binding in yeast cell membranes containing the Arabidopsis ETR1
receptor. Membranes isolated from yeast expressing the full-length
ETR1 receptor were incubated with CuSO4, AgNO3, or AuCl3 at the
indicated concentrations. For comparison, saturable ethylene binding
in the presence of varying concentrations of CoS04 is shown. Saturable
ethylene binding activity is indicated as disintegrations per minute
(DPM). Results are the average DPM ± S.D. in triplicate samples.
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Arabidopsis seeds were surface sterilized by treatment with 70%
alcohol for 30 seconds, placed on sterile ﬁlter paper to dry and then
placed on agar plates containing half-strength Murashige and Skoog
basal salt mixture [16], pH 5.7, 0.8% agar, B5 vitamins (100 mg
mL1 inositol, 1 mg mL1 nicotinic acid, 1 mg mL1 pyridoxin HCl,
10 mg mL1 thiamine HCl) with no added sugar and containing metal
salts at the indicated concentrations. Seeds were stratiﬁed for 2–4 days
at 4 C, then placed into ﬂow-through chambers with ﬂow rates of
100 mL min1. The seedlings were grown on vertically-oriented plates
for 4 d in darkness at 22 C in the presence or absence of added ethyl-
ene. Plates were scanned on a ﬂat-bed digital scanner. Seedling length
was measured using ImageJ (ver. 1.34; http://rsb.info.hih.gov/ij). All
experiments were done in triplicate with 10 seeds per condition in each
experiment. To minimize variations due to seed age, we harvested all
seeds used in this study at the same time.
Microscopy was performed on unﬁxed seedlings grown and treated
as described above. Light micrographs were taken of seedlings using an
Olympus SZX12 dissecting microscope ﬁtted with an Olympus DP70
digital camera (Center Valley, PA).0
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Fig. 2. Eﬀects of Group 11 transition metals on growth and ethylene
growth responses in etiolated Arabidopsis seedlings. Arabidopsis
seedlings were grown in the dark for 4 days in ﬂow through chambers
in the presence of air alone or with 0.6 lL L1 ethylene on media
containing the indicated concentrations of CuSO4, AgNO3 or AuCl3.
For comparison, samples not treated with these metals are shown. The
average seedling lengths ± S.D. from four experiments, each using 9–
10 seedlings per condition, are shown.3. Results
3.1. Gold ions support high-aﬃnity ethylene binding in ETR1
To further understand the interaction of Group 11 transition
metals with ethylene, we compared the ability of various con-
centrations of CuSO4, AgNO3, and AuCl3 to support saturable
ethylene binding in membranes isolated from yeast expressing
the full-length ETR1 receptor protein. As previously reported
[5], addition of both CuSO4 and AgNO3 led to an increase in
ethylene binding in ETR1 (Fig. 1). Interestingly, addition of
AuCl3 also led to an increase in ethylene binding. AgNO3
and AuCl3 caused ethylene binding to comparable maximum
levels but only approximately 30% the maximal binding caused
by CuSO4. The eﬀects of AuCl3 saturated at 10 lMwhile bind-
ing produced by addition of CuSO4 and AgNO3 saturated at
100 lM. At 10 lM, both CuSO4 and AuCl3 led to ethylene
binding levels approximately two-fold higher than AgNO3.
Saturable ethylene binding decreased for all three metals at
concentrations above 100 lM. Other transition metal salts
including CoSO4 (Fig. 1), NiSO4, MoSO4, MnSO4, CdSO4,
FeSO4 and MgSO4 (data not shown) between 10 nM and10 mM failed to increase ethylene binding. Thus, the failure
of these metals to increase ethylene binding is not simply due
to being used at too low a concentration. These results indicate
that gold ions, like copper and silver ions, can speciﬁcally act
as a cofactor for ethylene binding to ethylene receptors.
3.2. Gold ions do not block the ethylene growth response
Silver salts have been shown to block the action of ethylene
in plants while copper salts do not [8]. To determine whether
this is also true for gold ions, we measured the eﬀects of vari-
ous concentrations of AuCl3 on the growth of etiolated, wild-
type (Columbia) seedlings in air and in the presence of 0.6
lL L1 ethylene. Responses to AuCl3 were compared to those
for CuSO4 and AgNO3. AgNO3 at the concentrations used had
no measurable eﬀect on Arabidopsis seedling growth in air and
blocked responses to ethylene (Fig. 2). In contrast, both AuCl3
and CuSO4 failed to block ethylene growth inhibition and at
higher metal dosages caused growth inhibition in the absence
of ethylene. The inhibition of growth caused by copper ions
is in general agreement with earlier work on Arabidopsis
[17,18]. The fact that gold ions inhibits growth suggests that
gold is being taken up by the plants to high enough concentra-
tions to have a physiological eﬀect consistent with previous
studies showing that plants take up gold [19–21]. These metals
had no measurable eﬀect on the percentage of seeds that germi-
nated (data not shown).
At saturating doses, both CuSO4 and AuCl3 caused more se-
vere growth inhibition than ethylene. Dose-response measure-
ments showed that wild-type seedlings were more sensitive to
CuSO4 than to AuCl3 with half saturating eﬀects at approxi-
mately 20 lM for CuSO4 (Fig. 3A) and 85 lM for AuCl3
(Fig. 3B). Ethylene is involved in a variety of stress responses
in plants including responses to salt stress [1]. However, metal
salts represent an added stress because of the toxic nature of
the metal ion which can act on cells in a variety of ways. Var-
ious mechanisms have evolved in plants to increase metal tol-
erance [22]. Therefore, both ethylene-dependent and
independent pathways could contribute to the growth inhibi-
tion caused by the application of CuSO4 and AuCl3. To deter-
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Fig. 3. Comparison of the eﬀects of copper sulfate and gold chloride
on growth. Wild-type and ein2-1 seedlings were grown in the dark for 4
days in ﬂow through chambers with no added ethylene on varying
concentrations of: (A) copper sulfate or (B) gold chloride. Data
represent average seedling lengths ± S.D. from four experiments, each
using 9–10 seedlings per condition.
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growth inhibition caused by these ions, we examined growthControl
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Fig. 4. Micrographs of seedlings treated with ethylene, copper or gold.
Upper panels show entire etiolated seedlings grown on the indicated
concentrations of ethylene, copper sulfate or gold chloride. A control
seedling is shown on the left for comparison. Lower panels show close-
ups of the roots of the seedlings treated with the higher dosages of each
compound. Seedlings were grown as described in Fig. 2. Scale
bars = 0.5 mm.in ein2-1 ethylene-insensitive mutants and found they had
essentially unaltered responses to either ion (Fig. 3). Compara-
ble results were also obtained with the etr1-1, etr1-4, and ein3-
1;eil1-1 ethylene-insensitive mutants (data not shown). Thus,
the growth inhibition caused by the application of either
CuSO4 or AuCl3 is largely independent of ethylene signaling.
Also, despite similar eﬀects on growth, light microscopic
examination of the seedlings showed that while ethylene en-
hanced curvature of the apical hook and stimulated growth
of root hairs, treatment with either CuSO4 or AuCl3 led to
an opening of the apical hook and a decrease in root hair
growth (Fig. 4). Both the number and length of root hairs were
larger in ethylene treated seedlings when compared to seedlings
treated with CuSO4 or AuCl3. Additionally, seedlings were se-
verely agravitropic on either 100 lM CuSO4 or AuCl3 with
growth occurring in varied directions, including upside down,
relative to the gravity vector (not shown). These results show
that gold and copper ions aﬀect seedling growth and develop-
ment diﬀerently than ethylene.4. Discussion
The results from this study solidify the idea that the Group
11 transition metals are unique in supporting the binding of
ethylene to the receptors and suggest that unique properties
of silver inhibit the action of ethylene on plants. Since gold
ions support ethylene binding to ETR1 and do not block eth-
ylene action in the plant, it is possible that gold ions can sub-
stitute as a cofactor for the ethylene receptors.
Ethylene is often involved in responses to stress. Also, ethyl-
ene treatment increases expression of MT1, a metallothionein
important for heavy metal tolerance in Arabidopsis [23] and
copper alters the expression of several genes involved in ethyl-
ene signaling in Arabidopsis [24]. Despite these interactions,
we found that the eﬀects of ethylene on seedlings can be distin-
guished from the eﬀects of copper or gold ions both physiolog-
ically and genetically. Most notably, neither ion stimulated
root hair growth or caused increased curvature of the apical
hook; both responses are hallmarks of the eﬀects of ethylene
on etiolated Arabidopsis seedlings. Additionally, ethylene-
insensitive mutants had similar growth responses as wild-type
plants to the application of either ion. These results indicate
that ethylene signaling plays little or no role in responses to
copper or gold ions under these conditions. This is similar to
results of Weber and others [24] who reported that neither
etr1 nor ein2 mutants had altered cadmium tolerance.
It is unclear why silver ions block the action of ethylene
while gold ions do not. Few studies have experimentally exam-
ined the properties of gold–ethylene complexes [25 and refer-
ences therein] let alone made direct comparisons between the
complexes formed by copper, silver, and gold ions. However,
computational analyses indicates that Au(I)–ethylene is more
similar to Cu(I)–ethylene than to Ag(I)–ethylene [26].
Several hypotheses can be considered to model the mode of
action of Ag(I) to block ethylene receptor function. One model
posits Ag(I) ions can replace Cu(I) ions in the binding pocket
of ETR1 yet prevent changes in the receptor required for trans-
mission of the signal through the receptor. Consistent with
this, the ionic radius of Ag(I) is approximately 70% larger than
that of Cu(I). While a simplistic prediction based upon atomic
mass is that Au(I) has a larger ionic radius than Ag(I), this ap-
5108 B.M. Binder et al. / FEBS Letters 581 (2007) 5105–5109pears to be incorrect. Both theoretical calculations [27,28] and
experimental data [29] show that Au(I) is actually smaller than
Ag(I) because of unusually large relativistic eﬀects in the outer
electron orbitals of the gold ions [27,28,30–34]. Also, unlike
copper and silver ions where only the Cu(I) and Ag(I) valence
states can complex with oleﬁns, two valence states of gold form
complexes with oleﬁns so that Au(III) also binds to ethylene
[30,35]. Au(III) has a much smaller ionic radius than Ag(I)
being only slightly larger than Cu(I). Thus, it is possible that
gold ions do not block ethylene signaling because they are
smaller than silver ions.
Alternatively, it is possible that the coordination position or
geometry for either the silver ion in the binding pocket of
ETR1 or for ethylene bound to silver is diﬀerent from gold
and copper ions. In both models, the incorrect coordination
position prevents changes in the receptor necessary for
down-stream signaling. Protein sequence comparisons of the
transmembrane regions of the Arabidopsis ethylene receptors
shows that there are four phenylalanine residues, two tyrosine
residues, and one tryptophan residue completely conserved be-
tween the ﬁve receptor isoforms in Arabidopsis that could
function to coordinate Group 11 metal ions in the receptor
through interaction with their aromatic ring side groups. They
are all located in helix I (Tyr32, Phe33, Tyr41, and Phe42 as
numbered in ETR1) and helix II (Trp53, Phe58 and Phe61
as numbered in ETR1). Interestingly, when Trp41, Phe42 or
Phe58 is mutated to an alanine, ethylene binding to the recep-
tor is unaltered but the receptor constitutively signals [36]
much like the eﬀects of silver salts. At this stage it is unknown
which, if any, of these models might be correct. More work on
both the ethylene receptors and synthetic oleﬁn–metal com-
plexes will be needed to test and reﬁne these models.
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